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Identification of polymorphic microsatellite loci in nonhuman primates is useful for various biomedical and evolutionary studies of these
species. Prior methods for identifying microsatellites in nonhuman primates are inefficient. We describe a new strategy for marker development
that uses the available whole genome sequence for rhesus macaques. Fifty-four novel rhesus-derived microsatellites were genotyped in large
pedigrees of rhesus monkeys. Linkage analysis was used to place 51 of these loci into the existing rhesus linkage map. In addition, we find that
microsatellites identified this way are polymorphic in other Old World monkeys such as baboons. This approach to marker development is more
efficient than previous methods and produces polymorphisms with known locations in the rhesus genome assembly. Finally, we propose a
nomenclature system that can be used for rhesus-derived microsatellites genotyped in any species or for novel loci derived from the genome
sequence of any nonhuman primate.
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important animal models for basic biological and biomedical
research. Rhesus monkeys (Macaca mulatta) are used in studies
of neuroscience [1,2], endocrinology [3], behavioral biology
[4,5], pharmacology [6], virology [7], arthritis [8], cardiovas-
cular diseases [9], and many other research areas. The
development of resources and information for effective study
of the rhesus monkey genome will facilitate progress in all these
research areas. One critical type of genomic information is the
characterization of whole genome sets of highly informative
DNA polymorphisms. Microsatellite polymorphisms have
become a standard tool for genomics in a wide variety of
species. High-density whole genome sets of microsatellite⁎ Corresponding author. Department of Genetics, Southwest Foundation for
Biomedical Research, P.O. Box 760549, San Antonio, TX 78227, USA. Fax: +1
210 670 3344.
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doi:10.1016/j.ygeno.2006.08.009polymorphisms for rhesus macaques would be valuable for
whole genome linkage analysis, to locate the quantitative trait
loci involved in determining risk for specific diseases, and for
other types of genetic studies including colony management and
pedigree testing. A high-resolution linkage map for the rhesus
genome will also be useful in the analysis of whole genome
DNA sequences for this species. Assembly of whole genome
shotgun sequences depends primarily on physical mapping data
such as contigs, scaffolds, and BAC end sequences. But at
larger distances (e.g., several megabases), linkage information
may be valuable for orienting large blocks of sequence or
contigs that cannot be integrated together with high likelihoods
based on physical mapping information alone.
Past efforts to identify and characterize highly polymorphic
microsatellite loci in nonhuman primates have used two
approaches. In some early studies of primates, researchers
cloned novel microsatellites from nonhuman genomes [10].
In other studies investigators screened published human
707M. Raveendran et al. / Genomics 88 (2006) 706–710microsatellites and found particular loci that were also infor-
mative in nonhuman primates [11–13]. However, neither
cloning novel microsatellites from nonhuman species nor
screening human primer pairs to identify conserved micro-
satellites is an ideal method. Both approaches are time-
consuming and inefficient. The reported success rate in
identifying human markers that are polymorphic in rhesus
macaques is 19% [14]. Therefore it is advantageous to develop a
method to identify microsatellite polymorphisms in rhesus and
other primates that is more efficient than past methods.
We have previously reported the construction of a genetic
linkage map of the rhesus genome that includes 241
microsatellite loci that were all originally derived from and
mapped in the human genome [15]. That set of 241 poly-
morphisms includes some loci first reported by other investi-
gators [16,17] and a larger proportion of human microsatellites
we found to be informative in rhesus monkeys. In this article,
we describe a novel strategy that can identify and characterize
new microsatellite markers derived from the rhesus genome
directly. The loci described here were identified from a whole
genome shotgun DNA sequence from the rhesus monkey
genome that was generated by the Baylor College of Medicine
Human Genome Sequencing Center, the Washington University
Genome Sequencing Center, and other collaborators. These loci
have not been previously studied in the rhesus genome. We also
propose a nomenclature for the new rhesus-specific markers.Fig. 1. Partial updated linkage maps of rhesus chromosomes with newly mapped
centimorgans. Numbers (Rhesus3 or Human7) indicate chromosome numbers.Results and discussion
We designed PCR primers to amplify potential poly-
morphic markers that map to large gaps (>8.0 cM) in the
current rhesus linkage map (http://www.snprc.org/linkage/
currentmaps/rhesusmaps.html). All of the products amplified
show high fluorescence intensities, demonstrating the presence
of ample PCR product. So far 54 of these loci have been
genotyped in the same rhesus pedigrees (n=1152 animals)
used for the full linkage map [15]. Initial linkage mapping has
been completed for 51 rhesus-derived microsatellites that are
located on 18 different rhesus chromosomes. Fig. 1 presents
partial updated maps for the chromosomes with the novel
rhesus-derived loci. Among these first 51 loci mapped, 48
were assigned by MultiMap to the locations we expected
based on the initial alignment of rhesus shotgun sequences to
the human genome and our human–rhesus comparisons. In
the other three cases (MML1S13, MML2S2, and MML15S3),
the loci did not map where initially predicted based on the
initial alignment of rhesus sequences to the human genome.
However, these three loci were predicted to occur adjacent to
chromosomal inversions in rhesus that were previously
identified using human-derived loci. The three loci were
shown to map by linkage to plausible alternative locations that
indicate that the inversions extend farther than previously
recognized. In other words, these 3 loci fall into logicallyrhesus-derived markers. cM indicates spacing in the rhesus linkage map in
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rhesus karyotypic differences. Linkage analyses are still under
way for 3 other loci. Effective targeting of loci to specific
regions of the rhesus genome will help in developing an even
distribution of loci throughout the rhesus chromosomes.
The average number of alleles at these 54 novel polymorph-
isms in our rhesus pedigrees is 12.6 and the average
heterozygosity is 0.71. By comparison, the reported number of
alleles for human-derived markers in these same rhesus
pedigrees is 11.8, with average heterozygosity of 0.73 [15].
The average number of alleles reported for human-derived
polymorphisms in baboons is 8.8, with average heterozygosity
of 0.71 [18]. Our success rate in identifying useful rhesus-
specific microsatellite markers per sequence download from the
rhesus whole genome sequence is 72.7%, which is much higher
than the earlier published rates of 19 and 25% using human
microsatellites [14,19]. However, we have found useful
microsatellites in more than 90% of the locations (gaps) we
have targeted for marker development, an even more substantial
difference from prior methods. Table 1 shows the primer
sequences, fluorescent dyes used, predicted PCR product length
based on genomic sequence, true PCR product length from
actual genotyping, and annealing temperatures for 15 represen-
tative markers. The prediction of the actual PCR product length
is useful for accommodating more markers in a single panel,
which is cost- and time-effective when conducting high-
throughput genotyping. A supplementary Table 2 shows these
data for the remaining markers.
In parallel with studies of rhesus monkeys, we are continuing
to develop new polymorphisms in baboons. We have tested 35
novel microsatellites in our baboon pedigrees and found 19 that
are polymorphic and useful for large-scale genotyping. We are
confident that an equal or greater fraction of such loci will be
useful in species that are even more closely related to rhesus
monkeys than are baboons, such as the cynomolgus macaque
(Macaca fascicularis), pigtailed macaque (M. nemestrina), or
Japanese macaque (M. fuscata). The genome of the common
marmoset (Callithrix jacchus), a New World monkey or platyr-Table 1
Primer sequences, fluorescent dyes, and annealing temperatures used for representativ
range from 1152 Macaca mulatta
Rhesus-
derived marker
Forward primer Reverse primer
MML3S4 NED-TGTAAGATTTAAAAAGCACCAGAAA ATTTTTAGCC
MML3S7 6FAM-TCATGGCCCTCTTGAGAATC CCCTTCCAGT
MML3S9 NED-AAAGCAGGCGATGCTTGTAT ACCTTTGCGA
MML4S1 NED-ACAGGGTGTCCCCACTACAG AAAGGGAAA
MML8S3 VIC-TGGCAGACATTGTGTTCAGG CGCTAAAGAG
MML9S1 6FAM-CTCCCTTGATGACCCAAAAA AGGTGCACAG
MML11S1 NED-TGTCATCCCTGGACATCTCTC TGGCAAGAA
MML11S2 6FAM-GGTGCCTAAGAAGCCCAAGT GGCCAGAAC
MML14S2 6FAM-GGTATGGTAGGCACAGAGACC GGGAGCGTCA
MML14S6 PET-CCTGTCTTTCCCCACCCTAA GGTTTGGCGT
MML16S3 NED-CTCCCACATTTGCCTTTGTC TGTCATGAAA
MML17S1 PET-AAAGGATGTCAGGCTGTGCT TGGGGTGAAT
MML17S2 VIC-CCCATTATGGCATCTTTTCC TGGAGCTTTT
MML17S7 NED-TAAAATGATGCGTGGCAAAA GGTTCTGAGG
MML18S3 PET-AAACTGGCATTTGTCTTTAGGG CTGAGACAGCrhine, is now being sequenced. Few microsatellites have been
described in this species or its close relatives. The procedure we
describe above will likely be useful for identifying novel
polymorphisms in marmosets, and the marmoset DNA sequence
may provide large numbers of loci that are useful in a wide range
of New World primates.
It is important to follow standardized naming conventions
when describing and reporting results for microsatellite loci. A
number of different naming conventions have been used for
nonhuman microsatellite loci, with investigators using a different
format for each species. We suggest a standardized system for
naming novel microsatellite loci derived from the rhesus genome
sequence. One consideration when naming rhesus-derived
microsatellites is chromosome assignment. For human loci,
chromosome location is indicated unambiguously in the name of
the locus. However, homologous chromosomes in rhesus and
human have different numbers, since there are karyotypic
differences between the genomes. For example, human chromo-
some 3 is homologous to chromosome 2 in the rhesus genome
[20]. Therefore, if novel rhesus loci were given names with the
same format as human microsatellites, e.g., D3S142, it would be
unclear whether the “3” referred to human chromosome 3 or
rhesus 3. We propose to name these new loci as “MML#S&,”
where “MML” refers to Macaca mulatta, “#” stands for the
number of the rhesus chromosome that contains the locus, and
“&” is a simple consecutive number uniquely identifying a
particular locus within that chromosome. For example MML2S3
indicates the third novel locus identified and characterized within
rhesus chromosome 2. Whenever human PCR primers are used
to amplify microsatellites in rhesus [15] the original human locus
name can be used without introducing confusion. If this naming
convention is adopted, there will be no ambiguity concerning
whether any given microsatellite locus studied in rhesus, baboon,
or any other nonhuman primate is originally a human micro-
satellite, or a new species-specific one, or where it maps within
the human and nonhuman primate genomes. We also suggest that
the method described above for finding new microsatellite
polymorphisms will facilitate the genetic analysis of nonhumane rhesus-derived markers, with predicted PCR product size and actual allele size
Predicted PCR
product size (kb)
Actual allele
size (kb)
Annealing
temperature (°C)
TACTTAAAGGGGAGA 257 240–262 55
GCATCTGTTT 294 247–270 57
ACTCATCACC 358 348–409 55
GGAGCGAGAAG 377 349–358 55
GAGGGCTTTT 325 293–310 55
TTCCCAGAGT 172 147–182 48
ACCAGAGTGTG 157 121–175 57
AAGTTCAAAGC 200 156–206 57
GTGTATGTGT 160 140–164 55
TTTTGAGTGT 110 178–187 55
CCAAGAGCCTA 167 140–171 57
GGGACATAAT 331 330–346 57
CAGCAAATCC 171 159–178 55
GTAATTGGACA 206 188–200 55
TGCTGGGAAT 216 220–232 55
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human primate DNA polymorphisms.
Materials and methods
Study population
The study population for this analysis consisted of 1152 rhesus macaques
(M. mulatta) maintained at the Oregon National Primate Research Center
(ONPRC) (Beaverton, OR, USA) and the Southwest National Primate Research
Center (SNPRC) (San Antonio, TX, USA). The multigeneration pedigrees for
these animals had been established through prior genetic analysis [15].
Genomic DNA was extracted from white blood cells using standard phenol/
chloroform methods. Animal care, housing, and management were performed
in accordance with accepted veterinary practice, and all animal procedures were
approved by the Institutional Animal Care and Use Committees of SNPRC and
ONPRC.
Novel software tools and search for new loci
Two of us (R.A.H. and A.M.) developed software tools to search for
candidate microsatellites within the available whole genome shotgun (WGS)
sequence reads of rhesus. Rhesus WGS reads were downloaded from the NCBI
Trace Archives and anchored to the human genome NCBI build 33 using Pash
software [21]. Humanmicrosatellites with 2- to 10-bp repeat units and 10 or more
perfect copies were obtained from the UCSC Genome Browser Web site (Breen,
unpublished data). Rhesus reads with anchorings that overlapped the human
microsatellites were identified and the presence of microsatellites in these reads
was confirmed using Tandyman (http://biosphere.lanl.gov/tandyman/cgi-bin/
tandyman.cgi). A total of 47,882 rhesus reads containedmicrosatellites fitting the
above criteria. Rhesus microsatellite data were stored in a database for
visualization using the Genboree Collaboratory (www.genboree.org). Genboree
is a joint project between the Human Genome Sequencing Center and the
Bioinformatics Research Laboratory at Baylor College of Medicine. The
Genboree site provides an alignment of rhesus WGS reads against the human
genome along with the sequence and quality data for the read. We also created
within Genboree two comparative human–rhesus marker tracks showing the
locations within the human and rhesus genomes of the currently described
rhesus-derived markers as well as human-derived markers [15].
Identification of potential microsatellite polymorphisms
We have also developed a multistep procedure for identifying and
characterizing novel microsatellite polymorphisms in the rhesus genome. First,
a specific region within the rhesus genome where we wish to identify a new
microsatellite is selected. This is generally a region within our growing genetic
linkage map [15] where we do not yet have adequate marker density. Next, we
use Genboree to perform a search within the rhesusWGS reads that have already
been aligned to the human sequence in that region and identify candidate
microsatellites in that genomic region. Once we choose a candidatemicrosatellite
in the region of interest, the appropriate rhesus WGS sequence reads are
downloaded and the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi) is used to design rhesus-specific PCR primers.
Optimization of PCR protocols for novel loci
After obtaining the new PCR primers from commercial vendors, we use
standard molecular methods to amplify and assess the polymorphism of each
new candidate microsatellite. A fluorescently labeled forward primer and
unlabeled reverse primer are used to amplify the candidate locus from genomic
DNA obtained from eight unrelated rhesus monkeys. A range of PCR conditions
is employed to increase the probability of success for each primer pair. Initially,
rhesus DNA was amplified using annealing temperatures ranging from 46 to
60°C. Simultaneously, magnesium chloride concentrations from 1.0 to 3.0 mM
were tested. Early results indicated that the majority of primer pairs amplified
well under a narrow range of conditions (annealing temperatures 48 to 55°C).Therefore, the screening protocol was simplified to evaluate all the markers at
55°C. Most markers amplify well at this temperature. When appropriate to
increase PCR product yield or reduce spurious products, annealing temperatures
from 48 to 60°C can be used. Details of the PCR protocols used to amplify the
rhesus-derived microsatellites can be found by accessing http:www.snprc.org
and following the links to the rhesus linkage map data.
Evaluation of degree of polymorphism
If the candidate locus exhibits three or more alleles among the first
8 unrelated animals tested, we next screen the polymorphism using genomic
DNA from 32 related (4 unrelated individual families of 8 animals each) and 16
unrelated rhesus. Loci that exhibit fewer than three alleles in the initial 8 animals
are dropped from further consideration. Screening in 48 individuals provides
additional information concerning patterns of inheritance and heterozygosity
and allows estimation of the range of allele sizes. Each locus that shows
sufficient polymorphism and does not produce problematic extraneous PCR
products in addition to the polymorphic products of interest is grouped with
seven or eight other loci that can be genotyped together in a single electro-
phoresis run as a panel.
Genotyping protocols
PCR amplification and genotyping of whole pedigrees (n=1152 indivi-
duals) was performed with 25 ng of rhesus genomic DNA in a 6-μl reaction
volume using Applied Biosystems (ABI) dual 384-well 9700 thermal cyclers
under the following conditions: 12 min denaturation at 95°C followed by 10
cycles of 15 s at 94°C, 15 s at 48–55°C, 30 s at 72°C and 20 cycles of 15 s at
89°C, 15 s at 48–55°C, 30 s at 72°C, with a final 10-min extension at 72°C.
PCR mixtures contained AmpliTaq Gold 10× PCR buffer, dNTPs, MgCl2,
0.5 μmol forward and reverse primers, and 0.5 units AmpliTaq Gold DNA
polymerase (ABI). PCR products from a single panel were pooled, and the
pooling ratio could be adjusted to achieve approximately even peak heights
across all loci. The appropriate pooling volume was mixed with a cocktail
containing genetic analysis grade Hi-Di formamide (ABI) and labeled size
standard (GeneScan-500 Liz; ABI). The electrophoresis was performed in 3730
genetic analyzers (ABI) using data collection software v3.0. Genotyping
analysis used Genemapper 3.7 software.
Pedigree checks and linkage analysis
Management and analysis of rhesus genotypes and pedigree data, including
pedigree-based checking for deviations from Mendelian inheritance, were
accomplished using software routines from the PEDSYS computer package
[22]. Automated two-point linkage analysis and construction of multipoint
linkage maps for each rhesus chromosome were facilitated by the expert system
program MultiMap [23], which implements routines of the computer program
CRIMAP [24]. For further details of linkage analysis methods, see [15].
Application to other primate species
The same approach to marker identification, optimization, and evaluation
was used to identify new polymorphisms in baboons (Papio hamadryas). The
close phylogenetic relationship between baboons and macaques suggests that
primers designed according to the rhesus WGS reads will also amplify genomic
DNA from baboons and other Old World monkeys. We downloaded potential
microsatellites from the Genboree site, tested novel PCR primer pairs using
baboon genomic DNA, and then genotyped the useful polymorphisms in more
than 1000 pedigreed baboons from the SNPRC colony.Acknowledgments
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